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Abstract
Aim of study: To evaluate the growth performance, wood density and anatomical features of four drought-tolerant Eucalyptus spp. clo-
nes, at 4 years, and to examine the relationships between these characteristics and some functional parameters.
Area of study: The analyzed trees were from a clonal test installed in a region characterized by seasonal drought stress in central-western 
Brazil.
Materials and methods: Trees were felled, followed by obtaining dendrometric parameters and wood disk sampling to determine wood 
bulk density by x-ray densitometry, and morphometric parameters of fibers and vessels in order to evaluate the xylem hydraulic architecture. 
Lumen fraction (F), vessel composition (S) and hydraulic conductivity (Ks) were estimated.
Main results: Clone D (E. urophylla x E grandis) presented the highest growth rates, which was related to anatomical characteristics 
such as low relative frequency of wide vessels. High theoretical Ks does not necessarily imply higher growth rates and were related to lower 
wood densities. It is possible to infer that the better xylem adjustability of Eucalyptus trees in response to drought stress conditions is asso-
ciated with increased vessel composition to the detriment of higher hydraulic conductivity.
Research highlights: Vessel composition showed a greater variation among Eucalyptus genotypes and was positively associated with 
growth performance.
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Introduction
Water deficit is one of the most limiting growth factors 
in Eucalyptus plantations (Martins et al., 2018). Drought 
stress conditions promote stomata closure to avoid water 
losses, and although this mechanism prevents desiccation 
and xylem cavitation, it also restricts CO2 supply for pho-
tosynthesis, leading to a decrease in the tree productivity 
(Chaves et al., 2009; Sperry & Love, 2015). For instan-
ce, Almeida et al. (2010) stated that drought may reduce 
the stand volume production by as much as one third over 
a six-seven year rotation for Eucalyptus trees grown near 
the Atlantic Coast of Brazil. In the Brazilian scenario, the 
extension of Eucalyptus cultivation to new regions with 
drier climate conditions has therefore demanded superior 
drought-tolerant genotypes to compose commercial plan-
tations (Pita-Barbosa et al., 2016). In a wider perspective, 
this demand is also related to the growing concern with res-
pect to climate change and the risk for more intense and 
frequent droughts all over the world (Lagergren & Jönsson, 
2017) which is expected to affect forestry even in regions 
which are currently productive forests.
There is a coordination between stem and leaf featu-
res in the direction of high hydraulic efficiency (Tyree & 
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Zimmermann, 2002), and ultimately toward improving 
tree productivity (Brodribb & Feild, 2000; Poorter et 
al., 2010). Thus, the cellular structure of xylem in tree 
stems has important implications in acclimatization and 
adaptation mechanisms to drought (Crous et al., 2018; 
Lundqvist et al., 2017; Pfautsch et al., 2016; Saadaoui 
et al., 2017). This means that trees are under insufficient 
water supply seek to develop survival strategies which 
include very large modifications in their stem hydrau-
lic system. These structural adaptations can reflect both 
coordinated evolutionary changes and adaptive functional 
responses in a given environment (Bourne et al., 2017; 
Villar-Salvador et al., 1997).
In angiosperm trees, the water transport process effi-
ciency is directly linked to the vessel element features and 
indirectly to the set of adjacent cells (Barotto et al., 2017). 
Xylem hydraulic conductivity is a measure of the vascular 
system morphology (Tyree & Ewers, 1991), and therefore 
it is a function of the vessel size and frequency. According 
to Zanne et al. (2010), trees can alter wood properties in 
different ways in order to adjust water provision rates 
through the stem. These changes may be more associated 
with the total sapwood area supplying a given leaf unit 
and the sapwood fraction occupied by vessel lumens or 
vessel composition with distinction to few wide or many 
narrow vessels. Although a positive correlation between 
vessel size and growth rate is expected (Brodribb et al., 
2002; Meinzer et al., 2010), wider vessels can be associa-
ted to higher vulnerability to cavitation. In this sense, the 
manner in which the vessel network is formed in order 
to maximize the water transport efficiency and minimize 
risks of loss of conductivity determines the “fitness” of 
tree species (Pfautsch et al., 2016).  
Furthermore, a close relationship between density, hy-
draulic safety and vessel anatomy (Barotto et al., 2017; 
Hacke et al., 2001) has been observed for most angios-
perm trees. A denser wood usually has greater capacity to 
support tension in vessel elements (Hacke et al., 2001), 
and this condition is mostly correlated with a high rela-
tive frequency of narrow vessels (Poorter et al., 2010; 
Sperry et al., 2008). Non-conductive elements (fiber ma-
trix) might have an indirect effect on water transport by 
reinforcing vessel resistance under high tension and grea-
ter hydraulic security is generally associated with increa-
sed transverse fiber wall area and decreased fiber lumen 
area (Jacobsen et al., 2005). 
Species such as Eucalyptus grandis, Eucalyptus uro-
phyla, Eucalyptus camaldulensis, Eucalyptus pellita and 
Eucalyptus tereticornis have been utilized for intra or 
interspecific hybrids in searching for genetic materials 
with combined drought tolerance and wood quality traits 
(Bassa et al., 2011; Gadgil et al., 2000; Paludzyszyn Fil-
ho & Santos 2011). Thus, the present study evaluated the 
growth performance and wood features of four Eucalyp-
tus spp. elite-clones (E. pellita x E. grandis; E. camal-
dulensis x E. tereticornis; E. grandis x E. urophylla x E. 
tereticornis; E. urophylla x E. grandis) at four years old 
from a breeding program located in a region of seasonal 
drought stress in central-western Brazil. The objective of 
the study was to assess dendrometric parameters and stem 
wood properties (bulk density and morphometric charac-
teristics of vessels and fibers), establishing relationships 
with functional anatomy and hydraulic efficiency. This 
approach is interesting to understand how the wood traits 
may be related to the tree development of the distinct ge-
notypes, contributing to expand knowledge on the func-
tional-adaptive responses of drought-tolerant Eucalyptus 
clones. Our hypotheses were: (i) significant variations 
exist in wood properties at inter-specific level, which may 
explain the different growth responses across genotypes; 
(ii) increased wood density would be correlated with de-
creased theoretical Ks, as well as with thicker fiber wall 
and narrow vessels; (iii) considering that the potential 
of vulnerability to cavitation is linked to the spatial pa-
ttern of xylem vessels, and therefore to the hydraulic sa-
fety, trade-offs between drought tolerance strategies and 
growth rates are expected.
Material and methods
 Site and wood sampling
Four-year-old trees of four elite Eucalyptus spp. clo-
nes were selected from a clonal trial located in Goiás sta-
te, central-western Brazil (16° 16’ 37” S; 47° 44’ 02” W; 
930 m above sea level). The clonal trial was established 
in December 2012 using single tree plots and 29 replica-
tions. Trees were planted at 3 m × 3 m spacing and were 
managed in accordance with management practices for 
Eucalyptus plantations in Brazil (i.e. with limestone and 
NPK fertilization, and control of weeds and ants). The 
soil is Plinthosol characterized as gravelly with acidic pH, 
low base saturation and high saturation by aluminum. The 
region’s climate is subtropical humid according to the 
Köppen-Geiger classification, with drier winters and 
wetter summers (Cardoso et al., 2014). The mean annual ra-
infall is close to 1300 mm, with five dry months per year, 
and the annual average temperature is 22.0°C (NASA power 
climate data, 1989-2019). Figure 1 shows average monthly 
temperatures and rainfall for the specific growing period. 
Next, the productivity performance as assessed 
through the mean annual increment (MAI) of all trees of the 
various genotypes at 2 years old and also the survival rates 
were considered in order to select the elite clones. The selec-
ted clones are hybrids from a diversity of species and were 
among the most productive of the experiment. The selection 
of elite- clones constitutes a strategy to indicate the adaptabi-
lity to specific climatological and environmental conditions, 
meaning high and stable yields. The details of the selected 
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clones are provided in Table 1. Five selected trees were sys-
tematically felled for each genotype. The number of sam-
ple trees per clone was based on the sample size sufficiency 
calculation. The sampling error was calculated from growth 
data from previous inventories, being below 5% (Andrade 
Bueno et al., 2020; Tonini et al., 2019). The dendrometric 
parameters of the selected felled trees were subsequent-
ly verified, including total height (TH), commercial height 
(CH, height to minimum commercial diameter of 6 cm), and 
diameter at breast height (DBH, 1.3 m above the ground). 
Based on this data, the individual log volume was estimated 
using the Smalian method and MAI was predicted. Wood 
disks were obtained at DBH and used for determining wood 
density and anatomical features. 
Wood anatomy and function
First, three blocks of approximately 1 cm3 were obtained 
from a diametrical segment of each disc representing the in-
ner, middle and outer radial positions. Block samples were 
macerated with acetic acid and hydrogen peroxide, stained 
with Safranin and assembled in microscope slides. Images 
were obtained using a Zeiss Axio Scope.A1 microscope and 
a digital camera (Canon A640). The length, diameter, wall 
thickness, and lumen width of fibers were determined.  
Vessel analysis was performed by macroscopic analy-
sis from pith to bark. The surface of the samples was 
sanded (increasing grain size, 120-1000 grains mm-2), 
followed by applying compressed air. Area, tangential 
diameter and frequency of vessels were obtained from 
digital images collected in the inner, middle, and outer 
positions of the total radius. 
All of these morphological parameters were measured 
using Image Pro-Plus Software (version 5.0) in compliance 
with IAWA standards (IAWA, 1989). The following functio-
nal parameters were calculated from the vessel dimensions:
• Vessel lumen fraction (F, unitless): measure of the 
relative xylem area available for water transport. 
This was given by the product of the mean vessel 
lumen area (individual vessel) and vessel frequency 
for each area unit (vessels.mm-2). 
• Vessel composition (S, mm4): measure of vessel size 
to number ratio or composition. This was calculated 
as the ratio between mean vessel lumen area (mm2) 
and vessel frequency (mm-2).
• Theoretical xylem-specific hydraulic conductivity 
(Ks, kg s-1 m-1 MPa-1): measure of xylem hydraulic 
efficiency, which was estimated by a modification of 
the Hagen-Poiseuille law (Tyree and Ewers, 1991), 
expressed by equation 1:
   𝐾𝐾𝐾𝐾 = (𝐷𝐷ℎ
4  𝜋𝜋
128 𝜂𝜂 ) × 𝑉𝑉𝑉𝑉 × 𝜌𝜌                   (1)
Where Dh represents the weighted vessel diameter 
(Equation 2), η is the viscosity of water at 20 °C (1.002 
x10-9, MPa.s), VF is vessel frequency (m-2) and ρ is the 
water density (998.2 kg.m-2).




4                                                                                       (2)
Wood bulk density
Wood bulk density was determined by the X-ray densi-
tometry technique (Polge, 1963) using a QTRS-01X Tree 
Ringer Analyzer equipment. Samples from the cross-sec-
tion of the disks were sectioned (2 mm thickness). 
Following samples were stored in a conditioning chamber 
at 20ºC and 50% RH until reaching 12% moisture content 
(Tomazello et al., 2008). Complete scans of the samples 
(pith-to-bark direction) was performed every 0.08 mm.
Clone Genotype/Hybrid MAI (m3 ha-1 year-1)
A E. pellita x E. grandis 55.3
B E. camaldulensis x E. tereticornis 48.4
C E. grandis x (E. urophylla x E. tereticornis) 46.5
D E. urophylla x E. grandis 63.1
Table 1. Species and wood productivity of the four selected elite clones (A, B, C, 
D) at 2 years old, being MAI = mean annual increment 
Figure 1. Monthly temperature average (ºC) and monthly preci-
pitation (mm) for the period of 2012-2016 in the municipality of 
Luziânia, Goiás, Brazil.
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Data analysis 
The data were submitted to a normality test (Shapiro & 
Wilk 1965) and homogeneity of variances (Levene, 1960). 
The effect of differences between clones was evaluated for all 
the quantified variables of wood by univariate analysis of va-
riance (ANOVA). When the effect of clones was significant, 
the averages were compared by the Tukey test (α=0.05). Li-
near regressions were used to examine expected (or lack) re-
lationships between parameters as hypothesized. The relative 
dispersion of F and S was calculated for each genotype and 
at the general level (Equation 3). Additionally, the relative 
contributions of S and F over Ks was estimated according to 
the model described by Zanne et al. (2010). The model was 
adapted from fitting curves to data using nonlinear regression, 
being α, β, δ the estimated parameters (Equation 4).
                                                         𝑀𝑀𝑚𝑚 =
max(𝑋𝑋𝑖𝑖)
min(𝑋𝑋𝑖𝑖)
                                                                              (3)
                                           𝐾𝐾𝐾𝐾 =  𝛼𝛼 ∙  𝐹𝐹𝛽𝛽 ∙  𝑆𝑆𝛿𝛿                                                                                       (4)
Results
 
Wood characterization of the Eucalyptus spp. 
clones 
The dendrometric parameters and wood properties of the 
four Eucalyptus spp. clones at four years old (Table 2) show 
significant differences among genotypes (p<0.05). Clone B 
showed the lowest value for total and commercial heights 
(20.2 and 14.5 m, respectively), differing significantly from 
the other clones. Clones A and D were significantly higher 
regarding wood yield parameters, while clone B displayed 
lower performance. Moreover, fiber diameter and lumen wi-
dth were the largest for clone A concerning the anatomical 
characteristics, with values of 22.6 and 11.0 μm respectively, 
showing significant differences as regards clone C. The other 
fiber parameters did not have significant differences among 
genotypes: fiber length ranged from 848.8 µm (clone B) to 
971.7 µm (clone A), and fiber wall thickness from 5.2 µm 
(clone C) to 5.8 µm (clones A).  The largest vessel tangential 
diameter was found for clone D (93.3 μm), which differed 
significantly from clones A and C (84.0 and 79.7 μm, respec-
tively). Clone B presented the highest mean value for vessel 
area percentage (14.4%), and clone D had the lowest mean 
value for vessel frequency (10.5 vessels mm-2). Wood bulk 
density values ranged from 549 to 642 kg.m-3, where clones 
B and D presented a lower wood density than clone C.  
There were significant differences along the radial po-
sition only for diameter and frequency of vessels (Table 
3). The radial variation of vessel elements and microden-
sity profile corresponding to each Eucalyptus genotype is 
shown in Fig. 2. It can be seen that the vessel size consi-
derably increases for all genotypes, while the frequency 
decreases in the pith-bark direction. Clone A showed the 
greatest variation for both tangential diameter and fre-
quency of vessels (CV: 24.1% and 44.1%, respectively). 
Clone C presented the lowest CV for vessel frequency 
(35.9%), and clone D for tangential diameter (17.1%). 
There was great similarity in the change patterns among 
genotypes regarding wood density, which generally pre-
sented lower values occurring in the central portion and a 
slight increase towards the bark. 
Variable
Clone
A B C D
Total Height (m) 23.4a (1.7) 20.2b (2.4) 22.6a (3.6) 23.9a (3.6)
Commercial height (m) 18.6a (3.4) 14.5b (2.7) 17.0a (4.1) 18.2a (4.9)
Diameter at breast height (cm) 16.7ab (7.3) 14.1c (9.7) 14.9bc (4.1) 18.1a (7.1)
Volume (m3) 0.21ab (16.4) 0.12c (20.8) 0.18bc (11.2) 0.25a (16.6)
Mean annual increment (m3 h-1 y-1) 57.5ab (16.4) 34.6c (20.8) 48.7bc (11.2) 68.3a (16.6)
Fiber length (µm) 971.7a (6.4) 848.8a (7.7) 920.0a (2.5) 906.7a (3.8)
Fiber diameter (µm) 22.6a (12.8) 19.4ab (4.1) 17.1b (11.9) 19.1ab (1.4)
Fiber lumen width (µm) 11.0a (7.7) 8.5ab (13.5) 6.7b (18.6) 8.2ab (2.6)
Fiber wall tickness (µm) 5.8a (8.0) 5.4a (10.6) 5.2a (6.3) 5.4a (4.3)
Vessel tangential diameter (µm) 84.1b (4.0) 86.0ab (7.7) 79.7b (3.4) 93.3a (4.2)
Vessel area (%) 12.6b (4.4) 14.4a (9.5) 11.2b (11.6) 12.2b (10.0)
Vessel frequency (n mm-2) 14.5a (6.0) 15.4a (4.5) 13.7a (10.1) 10.5b (7.4)
Bulk density (kg m-3) 600ab (2.68) 578b (6.3) 642a (5.1) 578b (3.8)
Table 2. Dendrometric parameters and wood properties of the four Eucalyptus spp. clones (A, B, C, D, Table 1) at 4 years old.
Means and coefficients of variation (%). Different letters indicate significant differences between clones (Tukey test, p< 0.05). 
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Relationship between wood characteristics and 
functional measures 
The values for the distribution of the average range 
of vessel lumen fraction (F), vessel composition (S) and 
theoretical xylem-specific hydraulic conductivity (Ks) of 
elite Eucalyptus spp. clones are presented in Fig. 3. Clone 
B shows the highest mean value for F (0.011). In contrast, 
clones C and D have the lowest average ranges for this 
feature (0.061-0.070 and 0.056-0.073, respectively). The 
highest mean value for S is presented by clone D (0.00067 
mm4). Clone B and D present the highest average ranges 
for Ks (17-33 and 16-28 kg s-1 m-1 MPa-1, respectively). 
When assessing the radial variation across the stem radius 
(Fig. 4), it can also be noted that for clone D, S presents a 
significant quantitative leap (p= 0.003). For F parameter, 
clones followed similar trends. 
The model which relates theoretical Ks to F and S 
(Equation 4) showed differences between Eucalyptus ge-
notypes (Table 4). The β values are relatively close be-
tween clones A and D (1.46 and 1.50, respectively), while 
it is considerably lower for clone B (1.29). The δ values 
found are greater for the clones C and D (0.57 and 0.52, 
respectively).  In analyzing the relative dispersion of F and 
S, from the maximum-minimum ratios of each variable, it 
is observed that clone B distinguishes itself from the other 
genotypes with a 2.2-fold and 12.5-fold variation in F and 
S, respectively. At the overall level, F presented a 3-fold 
variation, while S varied 16-fold. 
The significant linear regressions between growth, 
xylem properties and functionality are presented in Fig. 5. 
There is a negative association between: vessel diameter 
and wood density (R2= 0.70); vessel frequency and wood 
volume (R2= 0.62); and hydraulic conductivity and wood 
density (R2= 0.38). In contrast, a positive association is 
found between vessel diameter and diameter at breast 
height (R2=0.38); S and wood volume (R2= 0.58), and hy-
draulic conductivity and F (R2= 0.78).  
Discussion
Despite the large variation observed in dendrometric 
performance among genotypes, it is possible to affirm that 
the wood yield values found were generally high conside-
ring the average estimate in Brazil for Eucalyptus indus-
trial plantations, approximately 35 m3 ha-1 year-1 (IBÁ, 
2019). According to Stape et al. (2018), commercial MAI 
range from 20 to 70 m3 ha-1 year-1 over 5 to 8 year rota-
tions for many different Eucalyptus species and hybrids 
in Brazil. The good growth performance revealed by the 
trees in this study against climatic conditions characteri-
zed by seasonal rainfall and drought indicates that genetic 
materials were selected for drought tolerance. Clone D 
was the most prominent and is a hybrid with E. urophylla, 
which is a species with high growth potential and drou-
ght tolerance (Boland et al., 2006). E. grandis (present in 
most clones) stands out for its high productivity and wood 
quality (da Silva et al., 2019), but is has to be hybridized 
with other -more tolerant species- to be grown in environ-
ments where it is not well adapted as a pure species (Cam-
poe et al., 2016). E. pellita, which is a species with broad 
adaptation to a range of environmental conditions (Clarke 
et al., 2009), is combined with E. grandis in clone A, re-
sulting in good performance. E. tereticornis, a common 
species in the lower performing clones (B and C), has a 
relative high drought tolerance (Rao et al., 2002) and me-
dium adaptability to the climatic conditions of the studied 
region (Flores et al., 2016). Although the interspecific 
hybrid of E. camaldulensis and E. tereticornis (clone B) 
configures wider adaptability traits (Arumugasundaram et 
al., 2011), it has relatively low productivity as compared 
to other Eucalyptus clones (Fernandes et al., 2018).
The values presented for wood bulk density are wi-
thin the range of values reported by literature for va-
rious Eucalyptus species of the same age, which ranged 
between 530 and 840 kg.m-3 (Knapic et al., 2014). Becau-




Clone x Radial Position
(interaction)
Prov>F
Fiber length 0.711 0.987
Fiber diameter 0.283 0.465
Fiber lumen width 0.160 0.206
Fiber wall tickness 0.690 0.772
Vessel tangential diameter <0.0001* 0.081
Vessel area 0.053 0.549
Vessel frequency <0.0001* 0.093
Table 3. ANOVA test F for fibers and vessels in the different radial positions. 
Statistically significant differences at a confidence level of 0.05 and are indica-
ted by “*”.
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Figure 2. Illustration of radial variation of bulk density and vessel dimensions of four Eucalyptus clones. E. pellita x 
E. grandis (A), E. camaldulensis x E. tereticornis (B), E. grandis x (E. urophylla x E. tereticornis) (C), E. urophylla 
x E. grandis (D). 
Figure 3. Distribution of average values of A) vessel lumen fraction (F); B) vessel composition (S); and C) theoretical xylem-speci-
fic hydraulic conductivity (Ks) of four Eucalyptus spp. clones. 95% confidence limits. 
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of density along with the radial profile, which indicates a 
stem that is substantially formed by sapwood and juve-
nile wood (Oliveira et al., 2012; Tomazello et al., 2008). 
Since sapwood is the physiologically active portion, the 
relative sapwood area development profoundly influences 
the capacity of trees to grow during drought (White et al., 
1998), and is significantly related to the tree growth rate 
(Bamber, 1976; Cherelli et al., 2018).
Other authors have reported similar results for anato-
mical dimensions for Eucalyptus species at similar ages 
(Pirralho et al., 2014; Sette et al., 2012). In evaluating E. 
grandis x E. urophylla hybrids under rainfed conditions 
at 5-6 years of age, Sharma et al. (2015) mention much 
higher vessel diameter compared to values reported here, 
from 155 to 167 µm. In a study of drought-tolerant Eu-
calypt genotypes, Bueno et al. (2020) report vessel dia-
meter and vessel frequency values of between 94-135 
µm and 7-18 n.mm-2, respectively. Fiber dimensions and 
wood density show relatively weak ecological trends 
(Baas, 1986; Denis et al., 2013; Kube et al., 2001; Stu-
rion, 2008) and low correlation with growth mainly for 
fibers (Apiolaza et al., 2005; de Lima et al., 2019). On the 
other hand, it is common to observe significant correla-
tions between climate and wood vessels (Pfautsch et al., 
2016) due to the vessels being the hydraulic component of 
the angiosperm stem, directly acting on functionality and 
structural adaptation. However, it is important to point out 
that despite this strong association, species climatic range 
also has a large influence on molding their responses to 
the environmental conditions, supporting the theory that 
genetic factors influence the expression of xylem anatomy 
and stem hydraulics (Bourne et al., 2017). This aspect jus-
tifies the emphasis which has been put on the importance 
of selecting more specific genetic materials for adverse 
climatic conditions.
As expected, significant relationships of wood density 
with vessel diameter and theoretical hydraulic conducti-
vity were verified in this study. Clone C, which presented 
the lowest Ks, has anatomy characterized by relatively 
small-sized fibers and narrow vessels. According to Zie-
mińska et al. (2013), wood density can be considered a 
measure of internal wood structure and results from  the 
combination of features and relative proportions of the 
cellular elements which compose wood, including the 
structure of fiber and vessels. Thus, correlations of wood 
density and anatomy are frequently reported in the litera-
Figure 4. A) Changes in lumen fraction F along the 0% (inner), 50% (middle) and 100% (outer) total radius 
positions of wood B) Changes in vessel composition S along the 0% (inner), 50% middle) and 100% (outer) 
total radius positions of wood. Fitted curve for four Eucalyptus spp. Clones (A, B, C, D, Table 1) are shown.
Genotype
Model parameters Ks = α ∙ Fβ ∙ Sδ 
F M/m S M/mα β δ RMSE
Clone A 22907.34 1.46 0.42 0.099 2.04 7.65
Clone B 22347.53 1.29 0.47 0.791 2.23 12.5
Clone C 58527.47 1.39 0.57 0.807 1.59 6.31
Clone D 56219.65 1.50 0.52 0.450 1.91 6.05
Table 4. Estimated parameter values α, β, δ for the model described by Zanne et 
al. (2010) (Equation 4) and maximum-minimum ratios for F and S. 
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ture (Pfautsch et al., 2016; Dadzie & Amoah, 2015; Salvo 
et al., 2017), and are in line with our results. 
The results in this work show that the wood with low 
relative frequency of wide vessels presented by clone D is 
associated with higher wood increment. The relationship 
between these measures can be better explored through 
the S ratio, where the increase in vessel composition (S) 
has a positive influence on wood increment, and should 
therefore be linked to greater hydraulic efficiency of trees. 
Some authors mention that trees with a high vessel com-
position may be more vulnerable to drought-induced em-
bolisms (Hacke et al., 2001; Tyree & Zimmermann, 2002) 
and therefore the relationship between the increase in S 
and the improvement in hydraulic efficiency is limited. 
However, that does not necessarily apply to the Eucalyp-
tus species, where the presence of solitary vessels make 
unlikely the imbalance of forces between adjacent cell 
as required to avoid wall collapse (Hacke et al., 2001) 
and, therefore, there would be no obvious compromise 
between xylem efficiency and hydraulic safety (Barroto 
et al., 2017). Moreover, some authors have found that 
large vessels of Eucalyptus have indeed smaller pits, so 
it is expected to have a lower vulnerability to cavitation 
(Fernández et al., 2019). In this sense, higher S values do 
not imply that the xylem is really more prone to losing 
conductivity by embolism.
Contrary to what is expected, the highest average Ks 
(presented by clone B) contrasts its inferior growth per-
formance. The high Ks for clone B was the consequence 
of a large area associated to high vessel frequency, which 
together occasioned F to be the highest of the four ge-
notypes. The relationship verified between wood volume 
and vessel frequency suggests that, for specific site con-
ditions, having a few large vessels per unit xylem area is 
Figure 5. Relationships between growth, wood characteristics and functional indices. Values for different 
clones (A, B, C, D, Table 1) are shown.      
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better to achieve high growth rates than having high Ks, 
if that is the consequence of many vessels per unit area. 
In this sense, the higher number of vessels per unit area 
presented by clone B may indicate a greater vulnerability 
to drought, in that the higher conduit-network connectivi-
ty would mean a higher probability of embolisms spread 
(Johnson et al., 2020).
Based on the model that relates theoretical hydraulic 
conductivity (Ks) to F and S, the values estimated for co-
efficients β and δ are similar to those obtained by Zanne 
et al. (2010) for several angiosperm species, of 1.5 and 
0.5, respectively. In a study with older trees of three Eu-
calyptus species, Barroto et al. (2017) reported β values 
ranging from 1.32-1.61 and δ from 0.42-0.44. Therefore, 
in the same way as literature, Ks more sensitively responds 
to changes in lumen fraction (F) than in size to number ra-
tio (S). In contrast, S had a greater influence on differen-
ces within genotype and between genotypes, varying in a 
wider range than F. According to Barroto et al. (2017), S 
has a more plastic nature and its larger variability indicates 
that the plant can modify the conductive structure to attain 
greater hydraulic efficiency without substantially altering 
the corresponding xylem lumen fraction, which is a more 
stable feature. This corroborates the more remarkable in-
fluence of vessel composition on the differential growth 
between Eucalyptus trees. It should also be pointed out that 
the wood structural adaptations to adjust water transport 
are not necessarily mutually exclusive (Zanne et al., 2010) 
and the relative contribution of each to genotype-level 
differences in hydraulic conductivity is variable. For exam-
ple, the relative participation of S on Ks (δ coefficient) was 
considerably lower in clone A, suggesting that the vessel 
composition for this genotype has a lower contribution to 
conductive efficiency. In this sense, Ks values are close for 
clones A and D, although clone A has relatively low S.
Forest development is a complex process resulting 
from the dynamic interaction of morphological and phy-
siological traits and environmental signals in plant growth 
(Gonçalves et al., 2017), as well as the interactions among 
individuals. In this sense, while the study reports variant 
behavior of different genotypes regarding anatomical ar-
chitecture and functional response to hydraulic efficiency, 
water availability as a limiting growth factor and its in-
fluence on trees development, as well as adaptation me-
chanisms to genotype specific- level, were not previously 
well known for the studied genotypes. This requires fur-
ther studies including a research about physiological va-
riables in response to climatic conditions and evaluating 
growth based on different stem size classes.
Conclusions 
The four elite Eucalyptus clones presented high 
edaphic-climatic suitability growing under seasonal 
drought-stress, highlighting the E. pellita x E. grandis 
(clone A) and E. urophylla x E grandis (clone D) hybrids. 
There was generally considerable heterogeneity in the 
wood characteristics of studied Eucalyptus spp. clones, 
and therefore the comparative approach revealed impor-
tant distinctions between functional-adaptative responses. 
Vessel frequency was inversely associated with wood 
increment and increased Ks was related to decreased 
wood density. E. urophylla x E grandis was the hybrid 
with the highest growth rates and presented the highest 
S, which has been linked with anatomical characteristics 
such as wide vessels and low vessel frequency. In con-
trast, E. camaldulensis x E. tereticornis (clone B), the 
genotype with lower growth performance, displayed high 
Ks as a result of the higher F. The total area occupied by 
vessel lumens (F) had a greater relative influence on Ks 
than the vessel size number ratio (S), although the latter 
showed greater variation among genotypes. Considering 
the studied Eucalyptus genotypes dataset, this study indi-
cates that high theoretical Ks does not necessarily imply 
higher growth rates, which may be associated with greater 
xylem vulnerability. The results also point out the impor-
tant role of vessel composition in the growth performance 
of young trees.
Finally, further studies are required to investigate phy-
siological variables in response to climatic conditions in 
combination with growth measures and anatomical featu-
res of trees with different size classes within the stand to 
obtain broader knowledge of the systematic functions of 
wood from Eucalyptus spp. clones.
Acknowledgments
The authors acknowledge the Chemistry, Pulp and 
Energy Laboratory and the Wood Anatomy and Tree-Ring 
Laboratory of São Paulo University (USP), the Wood 
Quality and Bioenergy Laboratory of the Federal Univer-
sity of Goiás, and the Coordination for the Improvement 
of Higher Education Personnel (CAPES) for their support 
on this research. 
References
Almeida AC, Siggins A, Batista TR, Beadle C, Fonseca 
S, Loos R, 2010. Mapping the effect of spatial and 
temporal variation in climate and soils on Eucalyp-
tus plantation production with 3-PG, a process-based 
growth model. For Ecol Manage 259(9): 1730-40. 
https://doi.org/10.1016/j.foreco.2009.10.008
Andrade Bueno IG, Picoli EA de T, Isaias RM dos S, Bar-
bosa Lopes-Mattos KL, Cruz CD, Naomi Kuki K, Val-
verde Zauza EA, 2020. Wood anatomy of field grown 
Eucalypt genotypes exhibiting differential dieback 
10 Deborah Rodrigues-de-Souza Santos; Rafael Fernandes-dos-Santos; Júlia Lôbo-Ribeiro-Anciotti et al.
Forest Systems December 2021 • Volume 30 • Issue 3 • e014
and water deficit tolerance. Curr. Plant Biol 22: 2214-
6628. https://doi.org/10.1016/j.cpb.2020.100136
Apiolaza LA, Raymond CA, Yeo BJ, 2005. Genetic va-
riation of physical and chemical wood properties of 
Eucalyptus globulus. Silvae Genet 54(4-5): 160-66. 
https://doi.org/10.1515/sg-2005-0024
Arumugasundaram S, Ghosh M, Veerasamy S, Rama-
samy Y, 2011. Species discrimination, population 
structure and linkage disequilibrium in Eucalyptus 
camaldulensis and Eucalyptus tereticornis using SSR 
markers. PLoS One 6(12). https://doi.org/10.1371/
journal.pone.0028252
Baas P, 1986. Ecological patterns in xylem anatomy. Econ 
Plant Form Funct ed. T.J.G, 327-349.
Bamber RK, 1976. Heartwood, its function and formation. 
Wood Sci Technol 10(1): 1-8. https://doi.org/10.1007/
BF00376379
Barotto AJ, Monteoliva S, Gyenge J, Martínez-Meier 
A, Moreno K, Tesón N, Fernández ME, 2017. Wood 
density and anatomy of three Eucalyptus species: Im-
plications for hydraulic conductivity. For Syst 26(1). 
https://doi.org/10.5424/fs/2017261-10446
Boland D, Broker MH, Chippendale GM, Hall N, 
Hyland BPM, Johnston RD, Kleining DA, Mcdo-
nald MW, Turner JD, Napoli A, 2006. Forest trees 
of Australia, CSIRO. ed. Melbourne. https://doi.
org/10.1071/9780643069701
Bourne AE, Creek D, Peters JMR, Ellsworth DS, Choat 
B, 2017. Species climate range influences hydraulic 
and stomatal traits in Eucalyptus species. Ann Bot 
120(1): 123-133. https://doi.org/10.1093/aob/mcx020
Brodribb TJ, Feild TS, 2000. Stem hydraulic supply is 
linked to leaf photosynthetic capacity: evidence from 
New Caledonian and Tasmanian rainforests. Plant Cell 
Environ 23(12): 1381-1388. https://doi.org/10.1046/
j.1365-3040.2000.00647.x
Brodribb TJ, Holbrook NM, Gutiérrez MV, 2002. Hy-
draulic and photosynthetic co-ordination in seaso-
nally dry tropical forest trees. Plant Cell Environ 
25(11): 1435-1444. https://doi.org/10.1046/j.1365-
3040.2002.00919.x
Campoe OC, Munhoz JSB, Alvares CA, Carneiro RL, 
de Mattos EM, Ferez APC, Stape JL, 2016. Meteo-
rological seasonality affecting individual tree growth 
in forest plantations in Brazil. For Ecol Manage 380: 
149-160. https://doi.org/10.1016/j.foreco.2016.08.048
Cardoso MRD, Marcuzzo FFN, Barros JR, 2014. Climatic 
classification of Köppen-Geiger for the State of Goias 
and Federal District. Acta Geográfica 8(16): 40-55.
Chaves MM, Flexas J, Pinheiro C, 2009. Photosynthesis 
under drought and salt stress: Regulation mechanisms 
from whole plant to cell. Ann Bot 103(4): 551-560. 
https://doi.org/10.1093/aob/mcn125
Cherelli SG, Sartori MMP, Próspero AG, Ballarin 
AW, 2018. Heartwood and sapwood in Eucalyptus 
trees: non-conventional approach to wood quali-
ty. An Acad Bras Cienc 90(1): 425-438. https://doi.
org/10.1590/0001-3765201820160195
Clarke B, Mcleod I, Vercoe T, 2009. Trees for farm fores-
try: 22 promising species.
Crous CJ, Greyling I, Wingfield MJ, 2018. Dissimilar 
stem and leaf hydraulic traits suggest varying drought 
tolerance among co-occurring Eucalyptus grandis × 
E. urophylla clones. South For 80(2): 175-184. https://
doi.org/10.2989/20702620.2017.1315546
da Silva PHM, Marco M, Alvares CA, Lee D, De Mo-
raes MLT, De Paula RC, 2019. Selection of Eucalyp-
tus grandis families across contrasting environmental 
conditions. Crop Breed Appl Biotechnol 19(1): 47-54. 
https://doi.org/10.1590/1984-70332019v19n1a07
de Lima BM, Cappa EP, Silva-Junior OB, Garcia C, 
Mansfield SD, Grattapaglia D, 2019. Quantitative 
genetic parameters for growth and wood properties 
in Eucalyptus urograndis hybrid using near-infrared 
phenotyping and genome-wide SNP-based relations-
hips. PLoS One 14(6): 1-24. https://doi.org/10.1371/
journal.pone.0218747
Denis M, Favreau B, Ueno S, Camus-Kulandaivelu L, 
Chaix G, Gion JM, Nourrisier-Mountou S, Polidori J, 
Bouvet JM, 2013. Genetic variation of wood chemi-
cal traits and association with underlying genes in Eu-
calyptus urophylla. Tree Genet. Genomes 9: 927-942. 
https://doi.org/10.1007/s11295-013-0606-z
Fernandes J da S, Conceição Júnior V, Barreto-Garcia 
PAB, 2018. Field performance of Eucalyptus hy-
brids at Planalto da Conquista, Bahia, Brazil. Flo-
resta e Ambient. 25(2). https://doi.org/10.1590/2179-
8087.059416
Flores T, Alvares CA, Souza V, Stape JL, 2016. Eucalyp-
tus in Brazil: Climatic zoning and identification guide.
Gadgil PD, Wardlaw TJ, Ferreira FA, Sharma JK, Dick 
MA, Wingfield MJ, Crous PW, 2000. Management of 
disease in Eucalypt plantations, in: Diseases and Pa-
thogens of Eucalypts. pp. 519-527.
Gonçalves JLM, Alvares CA, Rocha JHT, Brandani CB, 
Hakamada R, 2017. Eucalypt plantation management 
in regions with water stress. South For 79(3): 169-183. 
https://doi.org/10.2989/20702620.2016.1255415
Hacke UG, Sperry JS, Pockman WT, Davis SD, Mc-
Culloh KA, 2001. Trends in wood density and struc-
ture are linked to prevention of xylem implosion by 
negative pressure. Oecologia 126(4): 457-461. https://
doi.org/10.1007/s004420100628
IAWA, 1989. List of Microscopic Features for Hardwood 
Identification. Bull. n. ser. 10(3): 332.
IBÁ, 2019. Report 2019. IBÁ, São Paulo, Brazil.
Jacobsen AL, Ewers FW, Pratt RB, Paddock WA, Davis 
SD, 2005. Do xylem fibers affect vessel cavitation re-
sistance? Plant Physiol 139(1): 546-556. https://doi.
org/10.1104/pp.104.058404
Forest Systems December 2021 • Volume 30 • Issue 3 • e014
11A study of drought tolerant Eucalyptus clones: growth, structure and function of wood
Knapic S, Pirralho M, Louzada JL, Pereira H, 2014. Early 
assessment of density features for 19 Eucalyptus spe-
cies using X-ray microdensitometry in a perspective of 
potential biomass production. Wood Sci Technol 48(1): 
37-49. https://doi.org/10.1007/s00226-013-0579-y
Kube PD, Raymond CA, Banham PW, 2001. Genetic pa-
rameters of celullose content and fibre properties in 
Eucalyptus nitens. For Genet 8(4): 285-294.
Lagergren F, Jönsson AM, 2017. Ecosystem model 
analysis of multi-use forestry in a changing climate. 
Ecosyst Serv 26: 209-224. https://doi.org/10.1016/j.
ecoser.2017.06.007
Levene H, 1960. Robust testes for equality of variances. 
In Contributions to Probability and Statistics. Stanford 
Univ. Press.
Lundqvist SO, Grahn T, Olsson L, Seifert T, 2017. 
Comparison of wood, fibre and vessel properties of 
drought-tolerant Eucalypts in South Africa. South For 
79(3): 215-225. https://doi.org/10.2989/20702620.20
16.1254910
Martins GS, Freitas NC, Máximo WPF, Paiva LV, 2018. 
Gene expression in two contrasting hybrid clones 
of Eucalyptus camaldulensis x Eucalyptus uro-
phylla grown under water deficit conditions. J Plant 
Physiol 229: 122-131. https://doi.org/10.1016/j.jpl-
ph.2018.07.007
Meinzer FC, McCulloh KA, Lachenbruch B, Woodru-
ff DR, Johnson DM, 2010. The blind men and the 
elephant: The impact of context and scale in eva-
luating conflicts between plant hydraulic safety and 
efficiency. Oecologia 164(2): 287-296. https://doi.
org/10.1007/s00442-010-1734-x
Oliveira BR, Latorraca JVF, Tomazello Filho M, Palermo 
GPM, Carvalho AM, Pastro MS, 2012. X-ray micro-
densitometry applied to determination of wood densi-
ty variation of Eucalyptus grandis W. Hill trees. Sci 
For 40(93): 103-112.
Paludzyszyn Filho E, Santos PET dos, 2011. Embrapa 
Florestas Eucalyptus breeding program: results and 
perspectives, 1st ed. Embrapa Florestas, Colombo- PR.
Pfautsch S, Harbusch M, Wesolowski A, Smith R, Mac-
farlane C, Tjoelker MG, Reich PB, Adams MA, 2016. 
Climate determines vascular traits in the ecologically 
diverse genus Eucalyptus. Ecol Lett 19(3): 240-248. 
https://doi.org/10.1111/ele.12559
Pirralho M, Flores D, Sousa VB, Quilhó T, Knapic S, Pe-
reira H, 2014. Evaluation on paper making potential 
of nine Eucalyptus species based on wood anatomical 
features. Ind Crops Prod 54: 327-334. https://doi.or-
g/10.1016/j.indcrop.2014.01.040
Polge H, 1963. Une nouvelle méthode de détermination 
de la texture du bois: lʼanalyse densitométrique de cli-
chés radiographiques. Ann Sci Forest 20: 533-580.
Poorter L, McDonald I, Alarcón A, Fichtler E, Licona JC, 
Peña-Claros M, Sterck F, Villegas Z, Sass-Klaassen 
U, 2010. The importance of wood traits and hydrau-
lic conductance for the performance and life history 
strategies of 42 rainforest tree species. New Phytol 
185(2): 481-492. https://doi.org/10.1111/j.1469-
8137.2009.03092.x
Rao RV, Shashikala S, Sreevani P, Kothiyal V, Sarma 
CR, Lal P, 2002. Within tree variation in anatomical 
properties of some clones of Eucalyptus tereticornis 
Sm. Wood Sci Technol 36(3): 271-285. https://doi.
org/10.1007/s00226-002-0139-3
Saadaoui E, Ben Yahia K, Dhahri S, Ben Jamaa ML, 
Khouja ML, 2017. An overview of adaptative res-
ponses to drought stress in Eucalyptus spp. For Stud 
67(1): 86-96. https://doi.org/10.1515/fsmu-2017-0014
Sette CR, de Oliveira IR, Filho MT, Yamaji FM, Laclau 
JP, 2012. Effect of age and sampling position on densi-
ty and anatomical characteristics of Eucalyptus gran-
dis wood. Rev Arvore 36(6): 1183-1190. https://doi.
org/10.1590/S0100-67622012000600019
Shapiro SS, Wilk MB, 1965. An analysis of variance test 
for normality (complete samples). Biometrika 52(3): 
591-611. https://doi.org/10.1093/biomet/52.3-4.591
Sharma SK, Shukla SR, Shashikala S, Poornima VS, 
2015. Axial variations in anatomical properties and 
basic density of Eucalypt urograndis hybrid (Eucalyp-
tus grandis × E. urophylla) clones. J For Res 26(3): 
739-744. https://doi.org/10.1007/s11676-015-0080-6
Sperry JS, Love DM, 2015. What plant hydraulics can 
tell us about responses to climate-change droughts. 
New Phytol 207(1): 14-27. https://doi.org/10.1111/
nph.13354
Sperry JS, Meinzer FC, McCulloh KA, 2008. Safety and 
efficiency conflicts in hydraulic architecture: Scaling 
from tissues to trees. Plant Cell Environ 31: 632-645. 
https://doi.org/10.1111/j.1365-3040.2007.01765.x
Stape JLE, Alvares C, Siqueira L, Benatti TR, Hall KB, 
Zauza EV, Bentivenha SR, Aguinaldo JSL, 2018. Dea-
ling with genotype x environmental interactions in 
Eucalyptus forest companies, in: IUFRO (Ed.), Eu-
calyptus 2018: Managing Eucalyptus Plantations un-
der Global Changes. Montpellier.
Sturion JA, 2008. Genetic control of basic density of Eu-
calyptus viminalis Labill wood. Bol Pesqui. e Desen-
volv. 37: 32.
Tomazello M, Brazolin S, Chagas MP, Oliveira JTS, Ba-
llarin AW, Benjamin CA, 2008. Application of x-ray 
technique in nondestructive evaluation of Eucalypt 
wood. Maderas Cienc Tecnol 10(2): 139-149. https://
doi.org/10.4067/S0718-221X2008000200006
Tonini H, Wink C, Silva AG da MF e, 2019. Sampling Al-
ternatives for Eucalyptus Trees in Integrated Crop-Li-
vestock-Forest System. Floresta e Ambient. 26(3). 
https://doi.org/10.1590/2179-8087.089317
Tyree MT, Ewers FW, 1991. The hydraulic architecture 
of trees and other woody plants. New Phytol. 119(3): 
12 Deborah Rodrigues-de-Souza Santos; Rafael Fernandes-dos-Santos; Júlia Lôbo-Ribeiro-Anciotti et al.
Forest Systems December 2021 • Volume 30 • Issue 3 • e014
345-360. https://doi.org/10.1111/j.1469-8137.1991.
tb00035.x
Tyree MT, Zimmermann MH, 2002. Xylem struc-
ture and the ascent of sap. Springer. https://doi.
org/10.1007/978-3-662-04931-0
Villar-Salvador P, Castro-Díez P, Pérez-Rontomé C, 
Montserrat-Martí G, 1997. Stem xylem features in 
three Quercus (Fagaceae) species along a climatic 
gradient in NE Spain. Trees 12(2): 90-96. https://doi.
org/10.1007/PL00009701
White D, Beadle C, Worledge D, Honeysett J, Cherry M, 
1998. The influence of drought on the relationship be-
tween leaf and conducting sapwood area in Eucalyptus 
globulus and Eucalyptus nitens. Trees - Struct Funct 
12(7): 406-414. https://doi.org/10.1007/PL00009724
Zanne AE, Westoby M, Falster DS, Ackerly DD, Loarie 
SR, Arnold SEJ, Coomes DA, 2010. Angiosperm 
wood structure: Global patterns in vessel anatomy and 
their relation to wood density and potential conductivi-
ty. Am J Bot 97(2): 207-215. https://doi.org/10.3732/
ajb.0900178
Ziemińska K, Butler DW, Gleason SM, Wright IJ, Wes-
toby M, 2013. Fibre wall and lumen fractions drive 
wood density variation across 24 Australian angios-
perms. AoB Plants 5: 1-14. https://doi.org/10.1093/
aobpla/plt046
